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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Phenotype, the observable or measurable variable of all living things, is 
determined by its genotype and the environment in which it is living. Animal 
breeders' chief concern are the differences of phenotypes among animals having 
economical value and think that phenotypically better animals are also genotypically 
better. The major goal of breeders is to improve the genetic merit of the animals 
with regard to economical principles while minimizing environmental effects on 
phenotypic records . Thus, they are able to choose animals having better breeding 
values to be parents of the next generation. The statements above, however, imply 
that the phenotype is only the product of genotype and environment and ignores the 
possibility of interaction between them. If animals selected as parents of the next 
generation continue their lives in an environment similar to where they grew up or 
were tested , then there is no need to worry about an interaction of genotype and 
environment because the superior genotype is assumed to always be superior 
under the same or similar environment. On the contrary, if selected animals 
continue their lives in a relatively worse or better environment than where they were 
tested, then it is necessary to answer the question if the animals selected as parents 
of next generation should be tested under an environment similar to, the same as or 
worse than where they are going to be living? In practical situations, livestock like 
sheep, swine or dairy and beef cattle cannot be kept under the same environment 
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where they were raised. For years, many countries have been importing semen and 
heifers from other countries having animals with desirable genotype. 
Under all of these circumstances, it is almost impossible to make designed 
long term experiments using livestock like beef and dairy cattle , sheep or swine 
because it takes a lot of money and a very long time. Using laboratory animals to 
study quantitative genetics for a long time with a large number of animals is a 
perfect alternative. Tribo/ium castaneum is one of these alternative laboratory 
animals that is most available and preferable to design a long term , big and 
relatively much less expensive experiment to study quantitative genetics. 
One other problem is to apply an appropriate model to obtain estimates of 
genetic parameters which have certain desirable properties, such as minimum error 
variance, sufficiency, and linearity. The model must also eliminate the bias resulting 
from violation of assumptions, i.e. , selection violates the independency and 
randomization , and should use all possible information to make accurate decisions. 
The objectives of the present study were: 1) to estimate genetic and 
environmental trends in the lines of Tribolium selected for increased pupa weight , 2) 
to determine if there is an interaction of genotype and environment, 3) to determine 
the effect of different strategies for grouping of unknown parents on estimates of 
parameters and (co)variance components, and 4) to examine the correlated 
response of reproductive success to selection for pupa weight. 
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Thesis Organization 
The thesis contains five chapters. The first chapter gives a general 
introduction and literature review for the next four chapters. The next three chapters 
are manuscript of papers to be submitted to journals. The second chapter gives a 
general description of a particular long term selection experiment , estimates of 
response to selection in four environments, as well as, overall parameter estimates. 
The third chapter provides a comparison of (co)variance estimates for different 
strategies of grouping of unknown parents. Chapter 4 gives estimates of correlated 
response in reproductive success to selection for pupa weight. Chapter 5 provides a 
general conclusion based on the results of the previous chapters. 
Review of Literature 
A large number of researchers have studied the effect of environment and 
genotype on particular trait(s) using livestock and laboratory animals for years . 
Orozco and Bell (1974) investigated the effect of temperature on egglaying in 
Tribo/ium castaneum for twenty generations. Changes in temperature were used to 
create different levels of stress (33°C as an optimal , 38°C as a mildstress and 28°C 
as a severe stress). They calculated the heritability of egglaying from full-sib 
correlation and dam-daughter regression and found that heritability estimates from 
full-sib correlation were higher (.36 at 33°C, .30 at 38°C and .25 at 28°C) than those 
based on dam-daughter regression. They also found that when severity of 
environment increased, additive genetic variance decreased (56.74 at 33°C, 50.51 
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at 38°C and 20.56 at 28°C). Hawk et al. (1974) examined the effect of genotype and 
environment on fertility. They used two different populations (black and pear~ of 
Tribolium castaneum and factorial combination of two levels of two environmental 
factors, temperature (28°C and 33°C) and lighting (lightness and darkness) for 
assessing the number of eggs laid and hatchability, and found a significant 
genotype-by-environment interaction for egg numbers; black produced more eggs 
than pearl in continuous light regardless of temperature, pearl produced more eggs 
than black in continuos dark at only 33°C. Darkness had a positive effect on the 
number of eggs laid. Benyi and Gall (1981) found significant genotype-by-nutrition 
interaction on reproductive performance in Tribolium from an experiment in which 
three different lines were used; two of which had been developed for small and large 
21-day pupa weight and the third one was the cross of two lines. They fed the 
populations with four combinations of two levels of nutrition before and after 
pupation , and reported that while poor diet decreased the adult weight before 
pupation and decreased the egg number after pupation , good diet increased the 
number of eggs and shortened the time to reach sexual maturity after pupation. 
Yamada and Bell (1969) investigated the interaction between genotype and 
environment by applying selection for high and low 13-day larva weight in Tribolium 
castaneum with two replicates for sixteen generations under two levels of nutrition ; 
1 00% whole wheat flour, 85% whole wheat flour with 1 0% dried brewer's yeast and 
5% corn oil , and the temperature and humidity were constant; 33 °C and 70% 
relative humidity respectively. It was observed that 13-day larva weight in the poor 
level of environment was half as large as the weight in the good level of 
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environment; mean larva weights were 227.2(1 0-2) mg. in replicate 1 and 220.3(1 0-2) 
mg. in replicate 2 in the good diet, and 115.7(1 o·2) mg. in replicate 1 and 116.9(1 0-2) 
mg. in replicate 2 in the poor diet. Heritability (h2) estimates in the good diet were 
.30 ± .06 and .44 ± .06 in replicates 1 and 2, respectively, and in the poor diet 
heritability estimates were .35 ± .06 and .51 ± .06 in replicates1 and 2, respectively. 
Genetic correlation between 13-day larva weight in these two levels of environments 
was .82 ± .04 and .78 ± .04 in the replications 1 and 2, respectively. They indicated 
that dominance and maternal effects increased the genetic parameter estimates 
because they calculated them from full-sib (co)variance. In addition , Benyi and Gall 
(1978) investigated the effect of genotype by environment interaction on growth and 
development in Tribolium castaneum in four combinations of two levels of two 
environmental factors; nutrition and temperature. The quantitative traits were 13-
day larva weight, age at pupation and pupa weight of daughters. They observed 
significant genotype by environment interaction; heavier larva weight and faster 
development in the offspring raised with a steady diet than in the offspring raised 
with a poor diet, and heavier pupa weight was observed in the offspring with a poor 
diet. The poor diet extended the developmental time decreased body weight. Their 
final conclusion was that different genotypes reacted differently in different 
environments and different genotypes can be created for different environments. 
Goodwill (1974) used the populations of Tribolium castaneum, nearly at 
linkage equilibrium, to examine the differences among the different selection 
methods for 24 generations and found that heritability (h2) of pupa weight based on 
parent-offspring regression was larger than the realized heritability in all population, 
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and males had a little lighter pupa weight than females . Regarding the rate of 
response to selection , three different selection methods (mass , within family and 
selection of and crossing the best line) were not significantly different from each 
other. Jui and Friars (1974) applied two-way selection for seven generations to 
populations of Tribolium castaneum with different degrees of inbreeding (.12 < F < 
.79). The traits of interest were 21-day pupa weight and the number of offspring 
produced by each family , environmental conditions were 40% RH with 32°C and 
70% RH with 32°C, the diet consisted of 95% wheat flour with 5% dried yeast. They 
have shown that, overall , fitness was subject to inbreeding depression , upward 
selection and wet environment had a positive effect on the number of offspring, 
genetic variance and response to selection were higher in the lower degree of 
inbreeding. Degree of inbreeding did not have significant effect on heritability of 
pupa weight. Heritability based on parent-offspring regression was lower than 
realized heritability. Scheinberg (1969) used four different populations of Tribolium 
for ten generations to investigate the relative efficiency of indirect selection to direct 
selection. It was observed that no significant difference existed between the genetic 
gain that resulted by using direct selection , and the genetic gain that resulted by 
using indirect selection for 13-day larval weight. Environmental conditions were 
maintained a temperature of 32.8 ± .5 oc and 70 ± 1% RH. It was also shown that 
the selection applied directly to high pupa weight increased larval weight more than 
the selection applied directly to increase larval weight. In addition , Bell and Burris 
(1973) examined the effect of simultaneous selection using independent culling 
levels by each of four combinations of high or low 13-day larval weight with high or 
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low pupa weight. In the experiment described above four methods of selection were 
applied and a control population was also maintained a temperature of 33°C, 70% 
RH , and a diet of 95%whole wheat flour with 5% dried yeast for ten generations. It 
was observed that the largest genetic change resulted from simultaneous selection 
for high larval weight with high pupa weight and vice versa. Overall realized 
heritability (h2) based on the cumulative selection differential was .25 ± .07 for 13-
day larval weight and .30 ± .06 for pupa weight. Patterson et al. (1983) applied short 
term selection for high 13-day larval weight and high pupa weight in Tribolium 
castaneum to investigate the effect of parental age and sampling method on 
response to index selection at a constant environment; temperature of 32 °C, 70% 
RH and 95% wheat flour enriched with 5% dried yeast. They found that response to 
selection for larval weight increased linearly when parental age increased while 
parental age did not have significant effect on pupa weight. A negative phenotypic 
and genetic correlation between larval and pupa weight was reported ; twas -.05 ± 
.04 and rG was -.14 ± .14 in the line age 1, and twas -.26 ± .04 and rG was -.40 ± 
.12 in the line age 2, and twas -.11 ± .04 and rG -.09 ± .13 in the line age 3. 
Soliman (1972) investigated the correlated response of productivity to natural 
selection using Tribolium at constant environmental conditions of 33°C with 70% RH 
and a diet of 95% wheat flour with 5% dried yeast. He found a significant effect of 
developmental time (pupation time and adult emergence time) on the productivity 
(number of pupa and number of larvae at 13-day); the longer pupation time and 
longer adult emergence time decreased the total number of larvae at 13-day and the 
total number of pupa. Jui and Friars (1980) examined the general combining ability 
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and specific combining ability from the crosses of lines at different levels of 
inbreeding, and the trait of interest was 21-day pupa weight. It was pointed out that 
all the lines developed for low pupa weight showed significant general combining 
ability regardless of levels of inbreeding, on the contrary, the full-sib and half-sib 
families developed for high pupa weight showed significant general combining 
ability. Significant specific combining ability was observed only in two full-sib 
families selected for high pupa weight and low pupa weight. Orozco (1976) 
investigated the correlated and direct response to selection and genotype by 
environment interaction in three environments, which were 28 °C, 33 °C and 38 °C 
defined as cold , optimum and hot environment, respectively. The quantitative trait 
was the number of eggs laid by a virgin female from the seventh to eleventh day 
after adult emergence carried out over 35 generations of selection in Tribolium 
castaneum. It was observed that all lines reached the plateau after the twentieth 
generation . The best direct response to selection was obtained at 33 °C and the 
lines at hot environment (38 °C) gave better response than the lines at cold 
environment (28 °C). Adaptation of lines in hot environment was good to cold 
environment, while the lines in cold environment could not give good adaptation to 
even the same environment. They suggested that the smaller genotypic correlation 
between performance in different environments was the result of a large genotype 
by environment interaction. 
Campo and de Ia Blanca (1988) selected Tribolium castaneum for five 
generations to compare efficiency of five different selection methods: linear, 
quadratic, and direct selection for biomass (individual weight and family size) , direct 
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selection for pupa weight, and indirect selection for family size. It was found that the 
quadratic index line responded better that the other four lines after five generations. 
All selection methods except for family size were effective in changing pupa weight. 
Realized heritabilities were .39 ± .08 for pupa weight in pupa weight line, -.27 ± .09 
for family size in family size line (not significant) and -.04 ± .03 for biomass in 
biomass line. They have also suggested that including squares and product terms 
in the index would be advantages when non-additive genetic effects are large in 
amount. 
Rich et al. (1979) examined the differences in gene frequency at he 
autosomal black 'b' locus in four populations, containing a different number of 
animals, with twelve replications; constant number of individuals maintained in each 
population for fourteen generations were 10, 20, 50 and 100. All populations were 
kept at 33 °C and 70% relative humidity and fed with 95% whole wheat flour with 5% 
dried brewer's yeast. It was reported that in the large populations genetic drift was 
smaller than that in the small populations. They suggested that in their experiment 
gene frequencies were influenced by some forces other than random drift. 
Van Vleck (1963) reported that genotypic and phenotypic variance increase 
according to environment, and proportion of genotypic variance in the total variance 
is larger in the good levels of environment. He estimated parameters from deviation 
of daughters' records adjusted to herd-mate average. In the study 45 ,876 first 
lactation records and 39 ,216 second lactation records in dairy cattle were used. The 
quantitative traits were milk and fat yield. Heritability estimates for milk yield were 
.28 and .29; .28 and .26; .25 and .21 ; .19 and .19 in the first and second lactation 
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from better environment to poor environment respectively. Heritability estimates for 
fat production were .25 and .28; .25 and .25; .25 and .21; .20 and .21 in the first and 
second lactation from better environment to poor environment, respectively. It was 
suggested that obtaining different estimates of parameters in different levels of 
environment is another form of interaction between genotype and environment, and 
in order to investigate this type of interaction , non-linear model would be used. 
Carabano et al. (1990) investigated the interaction between genotype and 
environment using Holstein data obtained from three states: California, New York 
and Wisconsin. Traits of interest were milk and fat yield. They found that the 
genetic correlation between milk yield in any pair of states was greater than .90, and 
that fat yield was also .90. They concluded that there was no significant genotype 
by environment interaction, and that the ranking of bulls according to performance of 
their daughters in different environments was not changed significantly. Stanton et 
al. (1991) used Holstein cows in US, Mexico, Puerto Rico and Colombia to examine 
the interaction between genotype and environment. They grouped US as the first 
environment (US) and the other three countries as a second environment (Latin 
America). They found that genetic correlation between the same trait (milk yield) in 
different environments, LA and US was .91, this estimate was .78 between US and 
Colombia, and 0.90 between US and Mexico. They suggested that in their study the 
differences between the ranking of bulls in LA and US were not significantly 
different. Mao and Burnside (1969) examined the effect of interaction between 
genotype and environment on milk yield in Canadian herds. They found a 
significant (P < .01) sire by environment interaction when herds were fed different 
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amounts of grain during the summer season . The variance due to interaction was 
17.4% of the total variance in their study. 
People analyzing data from a particular selection experiment wish to obtain 
estimates eliminating selection bias. A control population in the experiment can 
help the experimenter prevent that bias. It may not always be possible to keep a 
control population in the experiment due to increasing cost and lack of resources. 
Mixed model procedures can be used to eliminate selection bias in the absence of 
control population (Sorensen and Kennedy, 1986; Berger and Lin , 1992). Restricted 
Maximum Likelihood (REML) procedure with an animal model can be used to obtain 
unbiased estimates(Gianola and Fernando, 1986; Meyer and Thompson , 1984). In 
order to get a precise genetic evaluation , multiple-trait approach can be used 
(Berger and Lin , 1992). The model must include the complete relationship among 
all animals in the data and all data on which selection is based must be used to get 
unbiased estimates (van der Wert and de Boer, 1990). 
It seems that the best way to evaluate animals is to analyze the data using 
methods combining all information mentioned below: 
• all of the data, 
• complete additive relationship among animals in the data, 
• multiple traits, 
• restricted maximum likelihood (REML) , and 
• animal model. 
When the data are analyzed by using an animal model, a desirable property is 
to use all known additive genetic relationships among animals in the data. 
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Especially in a selection experiment, all animals in the present generation have a 
relationship tie to previous generations, because they were selected from previous 
generations. A complete relationship matrix, however, is not quite as simple as it 
may seem. Most of the time, a breeder, farmer, or nation can import semen from 
other farms or nations. When this happens, there must be an additional factor in the 
model to be used to analyze the data. Parents not having a genetic tie to previous 
generations can be defined as unknown parents, which can be assigned to fixed 
groups to account for genetic trend (Westell et al., 1988; Quass and Pollak, 1981 ), 
and this procedure provides more precise evaluation of sires (Henderson, 1975). 
Instead of grouping unknown parents, the relationship matrix can be used as an 
alternative (Thompson, 1979). It is not necessary to include the group effects if all 
relationships among animals can be included in the analysis (Henderson , 1975; 
Pollak and Quaas, 1983). It, however, is not always possible to know all genetic 
relationships among animals in the data. Genetic groups in the model can complete 
relationships among animals (Wiggans et al. , 1988). Moreover, there may still be a 
need for grouping even if all the relationships are included in the model (Pollak et 
al. , 1977; Tong et al., 1980). This, of course, applies to sire models, where the 
groups are known to account for information not contained in the model. The 
grouping of unknown parents can provide a more precise way of evaluating the data 
generated by selection (Westell and Van Vleck, 1987). The necessity for grouping 
of unknown parents increases when migration from other environments or 
populations to the population(s) in question is larger than 5% (Kennedy, 1981 ). 
Many different strategies can be used for assigning unknown parents to groups, 
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unknown parents can be numbered according to their birthday, location that they 
came from , generation number when they came into the population in question. 
Robinson (1986) and Westell et al. (1988) gave a list of steps defining the strategy 
for grouping for unknown parents. In practice, there is no exact way to define 
groups of unknown parents. 
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CHAPTER 2. SELECTION FOR PUPA WEIGHT IN TRIBOLIUM CASTANEUM: 
. RESPONSE TO SELECTION ON PUPA WEIGHT IN FOUR ENVIRONMENTS 
A paper to be submitted to Journal of Animal Science 
Seyrani Koncagul and P.J. Berger 
Abstract: Selection for increased pupa weight was applied over twenty-three 
generations in populations of Tribolium castaneum in four different environments. 
Main objective of the present study was to estimate the response to selection in four 
different environments. Each line contained three sets (different mating days) per 
generation and each set contained eighteen full-sib families with six animals (three 
males and three females) per family. The lines were kept in four combinations of two 
levels of two environmental factors that consisted of 67% and 80% relative humidity, 
poor diet (1 00% whole wheat flour) and good diet (95% whole wheat flour plus 5% 
dried yeast). The data were analyzed by using a derivative-free restricted maximum 
likelihood procedure with an animal model for estimating response to selection. 
After twenty three generations of selection, heritability (h2) of pupa weight decreased 
from estimates in the base population (.38 in the base population , .29 after twenty 
three generations). It was observed that the phenotypic and the additive genetic 
variance increased with selection, but the increase in additive genetic variance was 
relatively less than the increase in phenotypic variance. Direct response of pupa 
weight to selection was higher in the good plane of nutrition than that in the poor 
plane of nutrition regardless of levels of humidity. Average increase in mean pupa 
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weight per generation was 88.8 ± 3.7 and 82.4 ± 4.2 in L 1 and L3, respectively , and 
80.6 ± 3.1 and 79.8 ± 3.3 in L2 and L4, respectively. 
Introduction 
The effect of environment and genotype or a combination of both on growth 
and reproduction traits has been studied for a long time using livestock and 
laboratory animals. Most of the studies completed using Tribolium castaneum and 
livestock have shown that the environmental fluctuations have an effect on 
estimating variance components and parameters for both type of traits. As severity 
of environments increased, additive genetic variance decreased (Orozco and Bell , 
1974). Heritability estimates in poor levels of nutrition were lower than that in the 
good nutrition (Yamada and Bell , 1969). Negative phenotypic and genetic 
correlation estimates between development in early stage and later stage were 
reported (Paterson et al., 1983). Genotypic and phenotypic variances and the 
proportion of genotypic variance in the total variance were larger in the good levels 
of environments (Van Vleck, 1963). 
Poor diet decreased adult weight, and good diet shortened the time to reach 
sexual maturity (Benyi and Gall, 1981 ). Good nutrition increased the larval weight 
compared to poor diet (Yamada and Bell , 1969). Heavier larvae and faster 
development time were observed in the offspring raised on the good diet. The poor 
diet, contrarily, extended the development time and decreased body weight (Benyi 
and Gall, 1978). Response to selection for larval weight increased linearly when 
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parental age increased, but it did not have a significant effect. on later development 
(Paterson et al. , 1983). 
Different genotypes could be created for different environments (Benyi and 
Gall , 1978). Adaptation of lines in hot environment was good to cold environment, 
but the reverse was not true. The small genotypic correlation between performance 
in different environments was the result of interaction between genotype and 
environment (Orozco, 1976). Different estimates of parameters in different 
environments is another form of genotype by environment interaction (Van Vleck, 
1963). Ranking of bulls according to performance of their daughters in different 
environments did not change significantly (Carabano et al., 1990; Stanton et al. , 
1991 ). Significant genotype by environment interaction was observed in milk yield 
(Mao and Burnside, 1969). 
Mixed model procedure can be used to estimate genetic trends in the 
absence of a control population (Sorensen and Kennedy, 1986; Berger and Lin , 
1992). Restricted Maximum Likelihood (REML) procedure with an animal model can 
be used to obtain unbiased estimates (Gianola and Fernando, 1986; Meyer and 
Thompson, 1984). In order to get precise prediction of breeding values for genetic 
evaluation , a multiple-trait approach can be used (Berger and Lin , 1992). The 
model must include the complete relationship among all animals in the data and all 
data on which selection is based must be used to get unbiased estimates (van der 
Wert and de Boer, 1990). 
The objectives of this paper were to estimate the response to selection for 
pupa weight in four different environments. 
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Materials and Methods 
Materials: Tribolium castaneum were obtained from the Purdue '+' wild-type 
population originally supplied by Purdue University's Population Genetics Institute in 
1966. This heterogeneous population had reproduced without selection since 1954 
(Bell and Burris, 1972). In order to be able to obtain enough Tribolium castaneum of 
the same age, randomly chosen male-female pairs were held in cardboard-capped 
20 ml glass bottle containing 0.4 gm of 5% yeast-fortified whole wheat flour, which 
had been sifted through a 35 mesh sieve to remove the bran. Every pupal pair was 
held at 32.2°C and 24 h dark cycle in Percival growth chambers. After 19 days, 
pupae were paired and bred again, two generations later, 650 pairs were available 
for each selection study. 
Random mating base population was randomly assigned to four combinations 
of two levels of two environmental conditions: 67% relative humidity (RH) and yeast-
enriched whole wheat flour diet, 67% RH with flour alone, 80% RH and flour-yeast 
diet, or 80% RH with flour alone (Figure 1 ). Matings were distributed equally across 
three consecutive days, i.e. sets, to distribute the work. Each set contained 
eighteen full-sib families with three males and three females. 
Family size or number of offspring and pupa weights were measured and 
recorded every generation. Pupa weight trait (PWT), as a growth trait , was 
measured on both males and females , but the family size trait (FST) , considered to 
be the reproductive success of female animals, was measured only on female 
animals. Family size was determined by counting the pupae and adult offspring on 
the 191h day after mating. Pupae weights were recorded 19 day post-mating. 
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Weights were taken after removing flour media with a vacuum pump from 35 mesh 
sieves into which the continents of each glass bottle was separately emptied. 
Selection was conducted by choosing the highest ranking males or females based 
on pupae weight adjusted for environmental effects. Adjustment for line, generation , 
sex, and set were made by expressing every pupa weights as a deviation from the 
mean of each line-generation-sex-set subclasses. Every generation , fifteen males 
and fifty-four females having the highest pupa weight were selected as parents of 
the next generation. One of the fifteen males, the highest ranking male, within each 
line was mated to three females within its line of origin and also to three females in 
each of the other lines to provide ties among lines. Matings were made at 33 days of 
age. This mating design was repeated over 23 generations. 
Females always remained in the same treatments and environments as their 
female ancestors, but some males produced three families in every environment. 
To minimize inbreeding, siblings were not mated to siblings. A complex 
randomization (Figure 2) using computer software designed specifically was 
employed to randomize the assignment of selected males to females. The total 
number of observations for both PWT and FST in each line are given in Table 1. 
Statistical Methods: A multiple-trait derivative-free restricted maximum 
likelihood (MTDFREML) procedure was used to obtain variance-covariance 
component and parameters estimates (Boldman et al. , 1995). In our data, we did 
not have a control population, but a control population was not necessary because a 
--- 8 A S E P OY U L A T I 0 N ~~~ 
Humidity 67% 67% 80% 80% 
Nutrition Good Poor Good Poor 
Line Line 1 Line 2 Line 3 Line 4 
Mating 18 c3' 18 c3' 18 c3' 18 c3' 
~ ~ ~ ~
18 '? 18 '? 18 '? 18 '? 18 '? 18 '? 18 '? 18 '? 18 ~ 18 ~ 18 ~ 18 ~ 
Family cJ c3' cJ cJ cJ cJ cJ cJ cJ cJ cJ cJ 
cJ cJ cJ c3' cJ cJ cJ cJ cJ cJ cJ cJ 1\) 
cJ cJ cJ c3' cJ cJ cJ cJ cJ cJ cJ cJ 
VJ 
~ '? ~ ~ ~ ~ ~ ~ '? ~ ~ ~ 
~ '? ~ ~ ~ ~ ~ '? '? ~ ~ ~ 
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Selection High High High High 
criteria Pupa Weight Pupa Weight Pupa Weight Pupa Weight 
Figure 1. Design of the experiment 
Line Line 1 Line 2 Line 3 Line 4 
Family Sire Dam Sire Dam Sire Dam Sire Dam 
1 1a X 1 J 1 J 1 2 X 2,2,2 3 X 3,3,3 4 X 4,4,4 
2 1 X 1 J 1 J 1 2 X 2,2,2 3 X 3,3,3 4 X 4,4,4 
3 1 X 1 J 1 J 1 2 X 2,2,2 3 X 3,3,3 4 X 4,4,4 
4 X X X X 
5 X X X X 
6 X X X X 
7 X X X X 
8 X X X X 
9 X X X X 
10 X X X X 
11 X X X X 
12 X X X X 
13 X X X X 
14 X X X X 1\) 
15 1 1 J 1 J 1 1 2,2,2 1 3,3,3 1 4,4,4 
~ 
X X X X 
16 2 X 1 J 1 J 1 2 X 2,2,2 2 X 3,3,3 2 X 4,4,4 
17 3 X 1 J 1 J 1 3 X 2,2,2 3 X 3,3,3 3 X 4,4,4 
18 4 X 1 J 1 J 1 4 X 2,2,2 4 X 3,3,3 4 X 4,4,4 
Figure 2. Mating design within and between lines 
a the numbers in sires' and dams' column stand for line number where sires and dams come from, 
bold numbers stand for migrated sires from other lines, each sire mated with three dams 
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Table 1. The number of observations in each generation by line. 
Line Line 1 Line 2 Line 3 Line 4 
Traita PWT FST PWT FST PWT FST PWT FST 
GEN. 
0 323 52 324 51 323 48 324 47 
1 311 54 282 54 279 54 278 54 
2 320 53 324 54 320 54 319 51 
3 318 54 324 51 324 55 322 54 
4 324 53 307 54 324 54 323 53 
5 318 54 324 54 324 54 318 52 
6 324 51 324 36 324 54 312 54 
7 306 54 216 54 324 54 324 54 
8 324 54 324 54 324 54 323 53 
9 323 51 322 50 304 53 317 53 
10 304 54 286 53 310 52 318 50 
11 315 54 302 54 307 50 300 53 
12 316 52 321 52 298 53 316 51 
13 301 51 308 50 304 53 293 49 
14 310 42 295 49 315 50 299 50 
15 232 53 292 53 297 51 294 52 
16 309 49 315 54 273 54 272 53 
17 287 44 304 47 322 53 295 52 
18 237 52 252 50 310 51 300 49 
19 311 45 269 46 306 51 279 49 
20 238 53 249 50 289 50 254 53 
21 275 43 236 25 258 46 226 50 
22 192 49 62 7 260 39 223 34 
23 237 12 163 103 
Total 7055 1171 6574 1102 7182 1187 6932 1170 
aPWT = pupa weight trait; FST = family size trait. 
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mixed model procedure (Sorensen and Kennedy, 1986; Berger and Lin, 1992) was 
used to analyze the data. Unbiased estimates can be obtained applying Restricted 
Maximum Likelihood(REML) when selection is performed (Gianola and Fernando, 
1986). REML with an animal model is desired to get unbiased estimates of 
parameters and variance-covariance estimates under selection (Meyer and 
Thompson , 1984; Meyer, 1991 ). A multiple trait approach can be used to obtain 
parameters estimates and variance-covariance estimates. The model must include 
both PWT and FST in order to obtain precise genetic evaluations for the two trait 
simultaneously (Berger and Lin , 1992). 
The model included, as a desirable property of an animal model , the complete 
additive relationship matrix among all animals, and the analysis was conducted 
using all the data on which selection was based. Unbiased estimates of parameters 
can be obtained using a model including the complete relationship matrix and 
complete data (van der Wert and de Boer, 1990). 
Environmental trends and genetic trends were calculated using results of 
MTDFREML with an animal model. Environmental trends were from the generation 
mating time solutions. Genetic trends were calculated as the average breeding 
value of animals every generation within each line. 
Although we analyzed the data by using multiple trait mixed model procedure, 
only the results for PWT, as a measure of growth , are going to be reported in this 
chapter. 
The model for estimating variance-covariance components and parameters 
was; 
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y = Xb + Zu + e 
where; 
y = Ypwt X Xgls_pwt Xsex_pwt 0 
Ytst 0 0 Xgls_fst 
z Za_pwt Zpe_pwt 0 
0 0 Za_fst 
Ypwt , vector of observations for pupa weight, PWT 
Ytst , vector of observations for family size, FST 
b 
u 
bgls_pwt 
bsex_pwt 
bgls_fst 
Ua_pwt 
Upe_pw 
Ua_fst 
X 91s_pwt , incidence matrix relating generation-line-mating time to observations 
for PWT, 
Xsex_pwt , incidence matrix relating sex to observations for PWT 
X 91s_tst , incidence matrix relating generation-line-mating time to observations 
for FST, 
Za_pwt , incidence matrix relating animals to observations for PWT, 
Zpe_pwt , incidence matrix relating families to observations for PWT, 
Za_tst , incidence matrix relating animals to observations for FST, 
bgls_pwt , vector of unknown fixed effects of generation-line-mating time for PWT, 
bsex_pwt , vector of unknown fixed effect of sex for PWT, 
b 91s_tst , vector of unknown fixed effect of generation-line-mating time for FST, 
Ua_pwt , random effect of animal for PWT, 
Upe_pwt , random effect of permanent environment for PWT, 
Ua_tst , random effect of animal for FST, 
epwt , random residual effect for PWT, and 
efst , random residual effect for FST. 
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Expectations and variances of random effects in the equations were; 
E y = Xb v y ZGZ'+R ZG R 
u 0 u GZ' G 0 
e 0 e R 0 R 
where; 
G = Acr2 a_pwt Acra_pwt,fst 0 R lecr2 e_pwt lecre_pwt.fst 
Acra_pwt,fst Acr
2
a_fst 0 lecre_pwt.fst lecr2 e_fst 
0 0 lpecr2 pe_pwt 
A is the additive relationship matrix among animals, 
lpe is the identity matrix with order equal to the number of families, and 
le is the identity matrix with order equal to the number of animals. 
Phenotypic and residual variances in each generation by line were obtained 
using Generalized Linear Model (GLM) (SAS, 1989). 
Univariate model was; 
Ypwt = s +sex+ sire+ dam( sire)+ e 
where ; s is the fixed effect of mating time, 
sex is fixed effect of sex, 
sire is random effect of sire , 
dam(sire) is random effect of dam within sire, and 
e is random residual effect. 
Variances are; 
V(sire) = <J2 sire 
V[dam(sire)] = <J2dam 
2 
V(e)=<Je 
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Results and Discussion 
Regression of phenotype (Table 2) on generation was largest in L 1, the 
lowest regression was observed in L4, and L2 and L3 had similar regression 
coefficients. The trends in phenotype were similar in L 1 (Line1) and L3(Line 3) , and 
similar trends were observed in L2(Line 2) and L4(Line 4). 
Table 2. Response to selection for PWT (!!g) 
Line 1 
Line 2 
Line 3 
Line 4 
Overall 
t.P/gen .a t.E/gen.b 
88.8 ± 3.7 12.6 ± 4.0 
80.6 ± 3.1 10.7 ± 2.9 
82.4 ± 4.2 
79.8 ± 3.3 
82.9 ± 2.7 
8.4 ± 4.6 
6.0 ± 3.4 
9.0 ± 3.0 
a~P/gen . = average change in phenotype by generation. 
b~E/gen .= average change in environment by generation. 
c~G/gen.= average change in breed ing value by generation. 
t.G/gen.c 
76.0 ± .8 
69.9 ± .5 
73.9 ± .7 
73.4 ± .7 
73.7 ± .6 
The increase in phenotype was larger in the good levels of nutrition regardless of 
levels of humidity (see L 1 and L3 versus L2 and L4 in Figure 3). Change in 
environmental trend was highest in L 1 and lowest in L4, L2 had a slightly higher 
environmental change per generation than L3. Average change in breeding values 
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were highest in L 1 and lowest in L2 , almost the same genetic change per generation 
was observed in L3 and L4. 
Mean phenotypic values for all four lines increased progressively with 
selection (Figure 3) . Linear increase in mean phenotypic values can clearly be seen 
after the second generation . After the twentieth generation , there was a little 
phenotypic change in all lines. Heavier pupa weight was observed in the good plane 
of nutrition (L 1 and L3). Benyi and Gall (1978) reported heavier larva and faster 
development on a good diet, whereas heavier pupa weight was observed on the 
poor diet. They suggested that different genotypes could be created for different 
environments implying a possible interaction between genotype and environment. 
It seemed that the humidity had very little effect on phenotypic value of pupa weight, 
as a measure of growth. 
The base population contained 216 unrelated full-sib families, with six animals 
in each family. Variance-covariance component estimates (Table 3), as well as 
parameter estimates for the data in the base population and for all the data after 
selection were obtained by analyzing the data using the MTDFREML procedure with 
an animal model that included a complete additive genetic relationship matrix. 
Sorensen and Kennedy (1986) mentioned that the estimates of additive genetic 
variance in a single analysis can be obtained by using a mixed model procedure. 
The model including all the data and complete additive relationship matrix is 
expected to give unbiased estimates of parameters (van der Wert and de Boer, 
1990). After twenty-three generations of selection for increased pupa weight, all 
components of variance for pupa weight, the primary trait , were larger than the 
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Table 3. Estimates of variance components and genetic parameters for PWT 
before and after selection by multiple trait analysis 
Data 
Trait 
Variance Comp: 
Phenotypic variance 
Additive variance 
Common env. var. 
Error variance 
Parameters:a 
Heritability (h ) 
c2 
e2 
Base population 
PWT 
50839.91 
16639.65 
7823 .36 
23376.90 
.38 
.15 
.46 
All lines combined 
PWT 
80981 .01 
23237.74 
16045.69 
41697.59 
.29 
.20 
.51 
ac is the fraction of permanent environmental variance in total variance, and 
e2 is the fraction of error variance in total variance. 
estimates in the base population . Bulmer (1971 ) indicated that because of gametic 
disequilibrium, genetic variance is expected to decrease in populations under 
selection. In contrast, our result indicated that some form of selection might 
increase the additive genetic variance. Lin (1997) found similar results supporting 
this conclusion . In our experiment , however, the experimental lines were not 
completely isolated, three out of eighteen sires were used across lines, much as you 
would expect with sires being used across herds in an artificial insemination progeny 
testing program in cattle. Thus, the increase in additive genetic variance might be 
attributable to this migration. Phenotypic variance increased by 59%, common 
environmental variance by 1 05%, and error variance by 79%. Heritability estimates 
for pupa weight after 23 generations of selection was .29 which was lower than the 
estimate from the base population(.38). The decrease in the heritability might be 
due to the larger rate of increase in phenotypic variance than the rate of increase in 
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additive genetic variance. Heritability estimates and the proportion of common 
environmental variance in the total variance are higher than the estimates obtained 
by Lin (1997) . He found that the heritability estimates were .33 and .23 in the first 
and second replicates, respectively, of a line selected for pupa weight. Berger 
( 1977) and Campo and de Ia Blance ( 1988) reported a higher heritability estimate 
(.36) than ours (.29). Bell and Burris (1973) reported realized heritability estimates 
of .30. 
Phenotypic variance and error variance, calculated by using the GLM 
procedure, for each line by generation are given Figure 4. The error variance was 
stable until generation six in all lines except L4 which had an interestingly higher 
error and phenotypic variance in the third generation. For L2, almost no change in 
error variance was observed throughout the experiment. In L4, except for 
generation three and nine, there was no change in error variance until generation 
twenty, after that the error variance almost doubled. For L 1 and L3, the error 
variance was stable until generation ten , between generation ten and nineteen the 
error variance almost doubled and continued to increase after generation 20. As 
seen in the Figure 4, when the phenotypic variance increased the error variance 
also increased. Most of the change in phenotypic variance could be attributable to 
change in error variance. A similar result was reported by Lin (1997) . In general , 
large increases in both components of variance were observed after generation 
fifteen. 
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Figure 4. Total phenotypic and error variance for pupa weight trait (PWT). 
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Environmental and genetic trends are given in the Figure 5. Big fluctuations 
were observed in environment in the first three generations for all four lines. L 1 and 
L3 had almost the same environmental trend. Until generation fourteen , an 
increasing trend was observed for these two lines, from generation fourteen to 
sixteen there was no change, and in later generations environmental effects 
decreased linearly. L2 and L4 also had very similar trends, between generation 
three to generation twenty-one there was a little increase in environmental effects 
and a decrease after generation twenty-two. Genetic trend, the average breeding 
value of animals in each line by generation, increased linearly throughout the 
experiment, genetic trend were similar for all four lines. This is best explained by 
the relatively constant intensity of selection for both males and females across all 
generations and lines. Of course, migration of sires from other lines might also 
contribute to the consistency of the result although lines were kept in different 
environments. 
Conclusion 
Our result showed that all of the variance components for the trait on which 
the selection was based increased over 23 generations of selection. Because there 
was some migration among lines, we concluded that the increase in additive genetic 
variance was due to migration of genes or genotypes from one line to another. 
Selection increased the mean phenotypic values for a single selected trait 
regardless of differences in environments. Change in phenotypic variance could be 
attributable to change in error variance. Because the biggest change was in both 
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Figure 5. Genetic and environmental trend for pupa weight trait (PWT). 
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error and phenotypic variances in the later generations where pupa weight was also 
increasing due to selection, we have concluded that the increase in variance could 
be explained by increased competition for limited nutritional resources. Full-sib 
families were raised to 19 day in the same bottle. Weight was increasing due to 
selection. Yet, no provision was made to increase the nutrients for the additional 
weight of heavier animals. Genotypic trends for all four lines were similar from the 
combined analysis. Phenotypic trends, however, were only similar for particular 
environments wh ich is indicative of environmental trends. One can conclude that 
the ratios of the additive genetic variance to total phenotypic variance are going to 
be different, and these differences will be larger in some environments than others. 
Implications 
Phenotypic trends in the lines that were subjected to good plane of nutrition 
are higher than those in poor nutrition. Environmental trends, also, were higher in 
the lines consumed good nutrition. The similarity in mean breeding values and the 
differences in mean environmental values in all lines by generation imply that the 
differences in mean phenotypic values are resulted from the effects of environment. 
Genes determining the growth trait are affected by nutritional sources other than 
humidity. This is a strong evidence for the existence of genotype by environment 
interaction. 
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CHAPTER 3. SELECTION FOR PUPA WEIGHT IN TR/BOL/UM CASTANEUM: 
ESTIMATES OF PARAMETERS IN MODELS USING GROUPS FOR UNKNOWN 
PARENTS 
A paper to be submitted to Journal of Animal Science 
Seyrani Koncagul and P. J. Berger 
Abstract: Pupae from a random mating base population of Tribolium castaneum 
were randomly assigned to four (four lines) combinations of two levels of two 
environmental factors . Selection for increased pupa weight, as a measure of 
growth , was applied for twenty-three generation in each line. The experiment 
models a national breeding program that imports sires from other environments over 
many generations. Some sires migrated across lines to provide ties among lines. 
The purpose of this research was to determine the effect of including genetic groups 
for unknown parents (i.e. sires imported from other lines representing different 
environments) on genetic prediction and genetic parameter estimation. Each line 
was analyzed separately using a Multiple-Trait Derivative-Free Restricted Maximum 
Likelihood (MTDFREML) procedure with an animal model with and without including 
genetic groups for unknown parents within line. Some grouping of sires is 
necessary. The additive genetic variances within lines were much larger when the 
data were analyzed by using a model that included genetic groups. Heritability 
estimates were .027 (.231 ), .019 (.221 ), .038 (.362) , and .022 (.446) in the four lines, 
respectively, ignoring (and including) groups for imported sires as unknown parents. 
A model must include the fixed effect of genetic groups for unknown parents to 
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account for genetic trend. Humidity has a positive effect in estimates of additive 
genetic variance while nutrition has a positive effect on phenotypic variance. 
Introduction 
Parents not having genetic ties to previous generations can be defined as 
unknown parents which can be assigned to fixed groups to account for genetic trend 
(Westell et al., 1988; Quass and Pollak, 1981), provides more precise evaluation of 
sires (Henderson, 1975). Alternatively, instead of grouping unknown parents, the 
relationship matrix can be used (Thompson , 1979). There is no need to include the 
group effects if all relationships among animals can be included in the analysis 
(Henderson , 1975; Pollak and Quaas, 1983). It is not always possible to have the 
complete genetic relationship matrix among animals with data. Genetic groups in 
the model can complete the relationships among animals (Wiggans et al., 1988). 
Moreover, there be a need for grouping even if all the relationships are included in 
the model , practically if all animals in the data are not from the same base 
population (Pollak et al. , 1977; Tong et al. , 1980). The grouping of unknown parents 
can provide a more precise way of evaluating the data generated by selection 
(Westell and Van Vleck, 1987). The necessity of grouping unknown parents 
increases when migration from other environments or populations to the 
population(s) in question is larger than 5% (Kennedy, 1981 ). Many different 
strategies can be used: unknown parents can be numbered according to their 
birthday, location that they came from , or generation number when they came into 
the population in question (Quaas and Pollak, 1981 ). Robinson (1986) and Westell 
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et al. (1988) gave a list of steps defining the strategy for grouping for unknown 
parents. In practice, there is no exact definition for a uniform way of grouping of 
unknown parents. 
The main purpose of this research was to determine the effect of including 
genetic groups for unknown parents (i.e. sires imported from other lines 
representing different environments) on genetic prediction and genetic parameter 
estimation. 
Materials and Methods 
Material: The whole design of the experiment was described in the first 
chapter (Koncagul, 1997). Pupae from a random mating base population of 
Tribolium castaneum was subdivided into four combinations of two levels of two 
environments. Environmental factors were nutrition with two levels (a poor diet which 
contained 100% whole wheat flour; and a good diet which contained 95% whole 
wheat flour with 5% dried yeast), and humidity with two levels (low humidity at 67% 
relative humidity; and high humidity at 80% relative humidity). 
Lines were defined as follows: 
Relative(%) Hum. 67% 67% 80% 80% 
Line 1 (L 1) Line 2 (L2) Line 3 (L3) Line 4 (L4) 
Diet Good Poor Good Poor 
Selection for increased pupa weight, PWT, growth trait, was performed over twenty-
three generations. Every generation 15 males and 54 females having the highest 
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. pupa weight were selected within a line. One male, the highest ranking male in 
each line, was mated to three females from his line of birth and also to three 
females in each of the other three lines. Each of the remaining 14 males were 
mated to three females in their line of birth. All matings were completely 
randomized by computer programs with the avoidance of full and half-sib matings. 
Fifteen males were mated with 45 females within their own lines, and also one sire 
from each of the other three lines (one sire out of these 18 selected sires) was 
mated with three females in every line. So, there was sire migration among lines. 
Each generation and line contained three mating times with 18 full-sib families with 
three females and three males animals in each set. Pupa weight, PWT, as a 
measure of growth, and Family size, FST, as a measure of reproductive success of 
female animals were the traits of interest. 
Method of Analysis: Multiple-trait derivative free restricted maximum 
likelihood(MTDFREML) (Boldman et al. , 1993) procedure with an animal model , with 
and without including genetic groups for unknown parents, was used to analyze the 
data. The data from each line were analyzed separately , but in all analyses all data 
from the base population were included in the analysis. 
The data were analyzed in three different ways; 
Analvsis1 (A1): the model did not include genetic group for unknown sires, 
the model used in MTDFREML was; 
PWTiikl = gsi + sexk + peii + anim1 + eiikl 
FSTil = gsi + anim1 + eil 
for PWT, 
for FST, 
[1] 
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where 
PWTiikl is the observation for pupa weight, PWT 
FSTi1 is the observation for family size, FST 
gsi is the fixed effect of generation-mating time, 
sexk is the fixed effect of sex, 
peii is the random effect of permanent environment, 
anim1 is the random effect of animal , and 
eiikl is the random residual effect. 
Analvsis2 (A2): the model included genetic groups, unknown sires were assigned to 
groups according to time when they came into the particular line. All unknown sires 
were assigned to one group so that every generation, within a line, there was one 
group for all unknown sires. Grouping started from generation two because all data 
from the base population were included in the analysis. Therefore , in generation 1 
there were no unknown sires , that is , all sires in generation 1 have ties to the base 
population. 
The model used in MTDFREML was; 
n 
PWTiikl = QSi + sexk + peii + anim1 + I: Plr9r + eiikl 
r=1 
n 
FSTil = QSi + anim1 + I: Plr9r + eil 
r=1 
where 
for PWT, [2,3] 
for FST. 
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PWTiikl is the observation for pupa weight, PWT, 
FSTil is the observation for family size, FST, 
gsi is the fixed effect of generation-mating time, 
sexk is the fixed effect of sex, 
peii is the random effect of permanent environment, 
p1r is the additive genetic relationship between the ith observation 
and ancestor in the rth group, 
Qr is the fixed effect of group, 
anim1 is the random effect of an imal, and 
eiikl is random residual effect. 
Analvsis3 (A3): the components in the model were the same as the components 
defined in model A2, but in this analysis unknown sires were assigned to groups 
according to their line of birth . Each unknown sire was assigned to one group, 
because they were representative of different environments. In this case, the fixed 
group equations are equivalent to a model containing a fixed equation for each sire 
from outside the population . Grouping started from generation two because of the 
reasons stated earlier in (A2) . There were three groups for every generation within 
a line. 
In this chapter , we are going to report only the results for PWT, a growth trait , 
the results for the correlated trait FST, reproductive success of female animals, will 
be reported in the next chapter. 
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Results and Discussion 
Variance components and parameters estimates obtained by using three 
types of analysis are given in Table 1. When the data were analyzed using the 
model ignoring genetic groups (A 1 ), all variance components; phenotypic , additive 
genetic, permanent environmental , and error variance, were higher in the good level 
of nutrition (L 1 and L3) regardless of levels of humidity. The highest estimates were 
obtained in the best environment, which is L3, having good nutrition and high 
humidity. The lowest estimates were obtained in the worst environment, which is 
L2, having poor nutrition and a low level of relative humidity. Keeping the nutrition 
constant and increasing relative humidity also increased the magnitude of all 
variance components . Consequently, heritability estimates were higher in good 
nutrition than in poor nutrition ; .038, .027, .022, and .019 in L3, L 1, L4, and L2, 
respectively. These heritability estimates were much smaller than those obtained by 
Koncagul (1997) (.36); Lin (1997) (.33, .23) ; Berger (1977) (.36); Campo and de Ia 
Blance (1988) (.36); and Bell and Burris (1973) (.30). The results indicated that an 
arbitrary choice of a simple animal model without including genetic groups for 
unknown parents, to conduct the within line analysis , prevents the model from 
accounting for genetic differences among animals. 
When the data were analyzed using model A2 , including one genetic group 
for all unknown sires every generation, and using model A3, including one genetic 
group for each of the unknown sires, the additive genetic variance for all four lines 
increased considerably, while estimates of permanent environment and error 
variance decreased. Thus, inclusion of fixed genetic groups resulted in considerably 
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Table 1. Estimates of variance components (J.lg2) and genetic parameters for pupa 
wei9_ht trait ~PWT~ b~ multi~le trait anal~sis 
Lines Line 1 Line 2 Line 3 Line 4 
Modela (L1) (L2) (L3) (L4) 
Var. Comp. 
2 
(Jp A1 83,010 52,462 95 ,553 65 ,925 
A2 83,872 53,524 99,505 70,639 
A3 83 ,883 52,496 100,201 70,033 
2 A1 2,246 1,001 3,597 1,463 {}A 
A2 16,726 12,360 32 ,388 30,790 
A3 19,359 11 ,603 36,307 31 ,219 
2 crc A1 26 ,548 17,361 28,602 21 ,808 
A2 20,678 12,903 19,000 12,455 
A2 19,446 12,247 17,824 11,685 
2 A1 54 ,215 34 ,1 00 63,335 42 ,654 (} E 
A2 46,468 28,261 48,116 30 ,790 
A3 45,078 28,646 46,070 27,129 
Parametersc 
h A1 .027 .019 .038 .022 
A2 .199 .231 .326 .436 
A3 .231 .221 .362 .446 
A1 .320 .331 .299 .331 
A2 .247 .241 .191 .176 
A3 .232 .233 .178 .167 
A1 .653 .650 .663 .647 
A2 .554 .528 .484 .388 
A3 .537 .546 .460 .387 
"Ai are the type of analysis; A 1-equation [1], A2-equation [2], and A3=equation [3) 
bcr
2
p is the total phenotypic variance; cr2 A is the additive genetic variance; cr2c is the permanent environmental variance ; 
and cr2E is the error variance. 
ch< is the heritability; c2 is the proportion of variance due to permanent environmental effects ; and e2 is the proportion 
of error variance in the total variance. 
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higher estimates of heritability than those obtained by using the model A 1. In 
addition, except for the additive genetic variance, all estimates of variance 
component were larger in the good level of nutrition, similar to results obtained by 
using A 1. Higher estimates of additive genetic variance, however, were obtained in 
the high level of humidity regardless of levels of nutrition . The largest phenotypic 
and error variance were observed when animals were subjected to good nutrition 
together with high relative humidity (L3, the best environment), while poor nutrition 
together with low relative humidity (L2, the worst environment) gave the lowest 
estimates of phenotypic and additive genetic variances. 
Additive genetic variance in L4 was slightly less than in L3. It seems that 
humidity has more of an effect on additive genetic variance, but nutrition more of an 
effect on phenotypic variance. Comparing the estimates from A2 and A3 showed 
that line four (L4) having poor nutrition , which decreased phenotypic variance, and 
high humidity, which increased additive genetic variance, yielded to highest estimate 
of heritability. 
Grouping sires according to the generation number (A2) when they came into 
the population or according to their origin (A3) resulted in slightly different estimates 
of parameters and variance components. Additive genetic variance and heritability 
estimates, except for L2 , were slightly larger and error variance was slightly smaller 
when sires were grouped based on the environments of origin and time they came 
into the population. Heritability estimates were .44 (.45), .33 (.36), .23 (.22), and .20 
(0.23) in L4, L3, L2, and L 1, respectively, when the data were analyzed using A2 (or 
A3). 
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Heritability estimates using a model that included genetic groups have a 
better agreement with the overall heritability estimate of 0.29 using all the data plus 
the complete relationship among animals in the second chapter. This estimate can 
be considered as an average of heritability estimates within lines using A2 and A3. 
These results show that if data include unknown parents, it is necessary to include 
genetic groups in the model to account for genetic trend. Except for L2, it seemed 
that the grouping for unknown parents according to their line gave better estimates 
of parameters. Obviously when unknown parents are grouped according to the time 
that they came into a particular population, all unknown parents are assumed to be 
part of the same population and/or environment, but in reality sires come from 
different populations having different genotypic potentials. This would be a mistake. 
It seems better to define groups for unknown parents based on the environment 
they come from. Estimates of realized heritabilities which were obtained by 
regressing the average breeding values, obtained from A2 and A3, on cumulative 
selection differentials are given Table A 1 (Appendix). 
Genetic trends obtained from three types of analysis are given in Figure 1. 
Regressions on generation number are given in the Table 2. The relative rank on 
generation response depended on the type of analysis. Inclusion of genetic groups 
for unknown sires gave considerably higher estimates of genetic change than the 
analysis ignoring genetic groups. Regression coefficients of lines in Figure 1 are 
given in Table 2. Estimates of genetic change per generation increased from A 1 to 
A2 to A3. L 1 and L3 have larger regression coefficient than L2 and L4, ignoring 
genetic groups whereas the largest regression coefficient, when line and generation 
I 
I 
I 
I 
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Figure 1. Genetic trend for pupa weight from within line analysis based on 
three models: A 1 ignoring groups for unknown parents; A2 including groups 
for unknown parents based on generation; A2 including groups for unknown 
parents based on generation; A3 including groups for unknown parents 
based on line and generation of origin. 
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Table 2. Average genetic (~G) and environmental (~E) change per generation for 
. ht pupa Weigl 
t.G (Jlg) 
A1a A2 A3 
L 1 D 2.9 ± .1 60.3 ± 1.0 71 .9 ± 1.0 
L2 1.8 ± .1 51.3±.4 56.5 ± .6 
L3 4.4 ± .1 85.4 ± 1.1 96.9 ± 1.2 
L4 2.1 ± .1 114.3 ± .9 119.8±1.0 
aModel A 1 = 1gnonng genetiC groups, 
Model A2 = groups defined by generation of origin , and 
Model A3 = groups defined by line and generation of origin. 
bl 1 =low humidity, good nutrition, 
L2 =low humidity, poor nutrition, 
L3 =high humidity, good nutrition, and 
L4 = high numiditi , poor nutrition. 
t.E (Jlg) 
A1 A2 A3 
85.7 ± 3.7 28.4 ± 3.8 16.7 ± 3.8 
78.5 ± 3.1 29.4 ± 2.9 24.1 ± 2.9 
77.7 ± 4.2 -3.2 ± 5.1 -14.6 ± 5.2 
73.7 ± 4.1 -34.9 ± 3.4 -40.4 ± 3.4 
were used to define groups, was observed in L4 and the lowest regression 
coefficient was obtained in L2. When data were analyzed using model A 1, it was 
observed that good levels of nutrition gave higher estimates of mean breeding 
values, but high humidity gave higher estimates of mean breeding values when the 
model included genetic groups (A2 and A3). 
Environmental trends are given in Figure 2 and their regression coefficients 
are given in Table 2. The model ignoring genetic groups resulted in higher positive 
change in environmental value than the model with groups. The highest regression 
coefficient was observed in L 1, and lowest change was observed in L4. The best 
environment (L3) and the worst environment (L2) gave very similar estimates of 
environmental change. The model including genetic groups resulted in lower 
estimates of environmental change. Using model A2 a small negative change was 
observed in L3, while a large negative change was observed in L4, and similar 
positive increases were estimated in L 1 and L2 when each sire from outside the line 
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Figure 2. Environmental trends for pupa weight by within line analysis. 
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was assigned to one group (A2). Negative change was larger in L3 and L4 by 
model A2 than by A3. The results indicated that inclusion of genetic groups 
increased the estimates of change in average breeding value across generations 
and decreased the estimates of average environmental change. 
When unknown sires were assigned to groups according to generation, every 
line had one genetic group for all unknown sires, that is, there was one group each 
generation. Solutions for this type of grouping are given in Table 3. Group solutions 
representing the merit of all sires from outside the line had the largest regression 
coefficient in L4, and the smallest regression coefficient was in L2. 
Table 4 shows the group solutions for sires from outside each line by using 
model A3. Group solutions for sire from line 1 had the largest genetic change per 
generation in L4 (127.6 jlg/gen), and the lowest genetic gain (49.5 jlg/gen) was 
estimated for sires from line 3 used in L2. Same trend was also observed for sire 
from L2 and L3. Line 4 sires performed best in L3 (92.1 jlg/gen.) and worst in L2 
(64.5 jlg/gen.). These results indicate that whatever the environment where sires 
are born, when the target environment has a high level of humidity, genetic gain is 
large, and the largest gain was observed if the sire was originally from a low level of 
humidity. 
Conclusion 
Genetic groups for unknown parents must be included in the model if the data 
contain parents that do not have ties to previous generations. In selection 
experiments, all animals with records generally have known relationships with 
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Table 3. Solutions (mg) for groups by using model A2. 
Line Line 1 Line 2 Line 3 Line 4 
Trait PWTa PWT PWT PWT 
GEN. 
0 
1 
2 262.2 153.8 129.9 318.9 
3 137.1 118.3 416.7 561 .5 
4 236.9 365.1 396.4 581.2 
5 397.3 453.5 387.7 813.1 
6 322.2 420.6 506.8 853.0 
7 327.7 392.5 475.2 958.1 
8 436.1 522.5 655.7 1136.9 
9 526.5 577.8 876.8 1057.3 
10 890.9 554.4 960.7 1443.3 
11 761.8 600.9 1196.2 1583.5 
12 733.5 725.9 945.2 1580.5 
13 1098.9 806.5 1091.2 1660.7 
14 815.5 796.4 1036.8 1644.7 
15 1165.3 696.1 1379.9 1574.7 
16 892.1 817.4 1226.6 1869.4 
17 1024.7 810.9 1471.0 2024.3 
18 1095.8 951.8 1631.5 2250.1 
19 1264.4 1136.4 1402.0 2131 .5 
20 1147.9 1059.9 1419.7 2504.9 
21 964.4 1413.3 1994.0 2442.2 
22 1550.9 1167.6 1799.7 2540.8 
23 1097.4 1125.9 2691.0 2945.8 
ilG/gen.b 55.6±5.4 49.9±3.3 89.3±7.1 110.2+4.0 
8PWT is pupa weight trait. 
b b.G/gen is average change in solution for groups. 
Table 4. Group solutions (mg) for sires from line i used in line j by using model A3. 
Sires from Line 1 Line 2 Line 3 
in the line L2 L3 L4 L1 L3 L4 L1 L2 
GEN. 
0 ---- ---- --- - ---- ---- - --- - - -- ----
1 ---- ---- ---- ---- - -- - -- - - ---- ----
2 226.0 195.5 353.9 432.8 232.8 317.2 192.4 44.6 
3 146.5 457.4 338.4 323. 1 358.2 605.4 293.8 105.5 
4 53.6 478.2 653.8 426.2 606.8 555.2 242.5 484.9 
5 296.9 465.8 622.7 349.7 423.3 651.0 679.8 670.8 
6 214.6 491.5 695.4 256.3 600.8 987.2 508.3 294.2 
7 560.5 561.5 903.2 420.9 606. 1 820.9 567.5 357.5 
8 416.6 938.8 1187.8 668.5 733.4 ll82.3 572.0 785.2 
9 519.8 j 155.7 817.3 697.8 1005. 1 1117.6 760.1 937.2 
10 245.7 925.6 1 182.5 751.7 965.2 1459.8 1148.9 932.1 
1 1 784.3 1255.7 1521.7 857.6 1319.7 ---- 780.8 529.3 
12 781.4 1408.6 1688.3 881 .2 1028.4 1608.7 820. 1 917.1 
13 893. 1 1272.3 1500.4 1056.9 1211.6 1891.7 1349.2 915.8 
14 804.2 1191.9 822.7 821 .7 1201.3 1980.5 1005.0 796.4 
15 539.2 1099.6 1521.8 1455.8 1937.8 1717.5 1219.4 927.8 
16 1015.8 1582.3 1859.5 1270.5 1440.3 2102.1 1100.9 467.6 
17 638.0 1648.0 1849.2 1715.0 1628.2 2262.9 1105.0 1206.9 
18 835.6 1987.5 2574.1 1331.5 2037.1 2122.0 1537.5 1368.9 
19 1071.1 1489.7 2286.5 1090.8 1707.7 1897.5 1601.2 1316.8 
20 1421.3 1449.0 2451.3 1959.2 1953. 1 2923.3 1206.1 842.5 
21 1681.2 2797.4 2650.8 1676.1 1958.5 2966.9 911.4 1366.4 
22 1338.5 1488.4 2951.2 2217.2 2038.0 2510.9 1654.4 1034.0 
23 1181.9 3356.6 3362.2 982.6 2217.6 2500.5 1573.8 ----
L'lG/gen. 61.3 111.64 127.6 73.9 93.4 114.7 60.8 49.5 
L4 L1 
---- ----
---- ----
381 . 1 186.0 
754.3 -86.0 
560.5 198.5 
1093.7 377.5 
1021.3 429. 1 
1184.9 - 128. 1 
1117. 1 258.9 
1348.5 371.6 
1605.3 875.1 
1766.6 1050.5 
1619.2 931.0 
1674.9 1474.7 
1659.1 1066.8 
1750.0 1423.2 
1860.3 795.5 
2062.2 959.8 
2381.1 1112. 1 
2410.7 1988.8 
2298.9 1278.3 
1658.9 992. 1 
2457.9 1689.0 
3122.4 1586.2 
96.2 74.9 
Line4 
L2 
- - - -
- ---
159.5 
69.2 
442.4 
336.0 
668.4 
300.9 
229.4 
256.5 
747.0 
808.1 
667.1 
828.2 
1003.5 
767.3 
1037.6 
748.6 
1021.0 
1320.9 
1397.0 
1405.5 
1504.8 
----
64.5 
L3 
----
----
7.5 
547.2 
205.8 
466.7 
634.8 
446.0 
529.0 
738.0 
1380.3 
1327.0 
433. 1 
1173.3 
1213.7 
1621.8 
1212.9 
1522.1 
1526.5 
1685.0 
1437.9 
2047.3 
1710.6 
2657.0 
92.1 
(]1 
(J) 
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previous generations, except in some cases like reciprocal semen exchange among 
experimental populations. In field data, however, farmers always buy semen from 
other farmers, and this makes grouping necessary for accurate evaluation of 
animals. Grouping of unknown parents should be made according to environment 
or the population where the unknown parents were born. If unknown parents are 
from different states but they come to a particular state, farm, or population at the 
same year or season, it would be a mistake to make groups based on time because 
it is assumed that these animals have the same genetic potential, but they really do 
not. 
The results, also, give clear evidence for the existence of genotype by 
environment interaction. All four lines were derived from a common base population 
and raised in different environments, but after 23 generations of selection we ended 
up with different estimates of parameters for all four line. Changes in environment 
can cause changes in estimates of variance-covariance components, and 
consequently their ratios. 
Implications 
The importation of sires over several generations from different populations 
can have important consequences on genetic prediction of breeding values and 
estimations of genetic parameters an using animal model. Some grouping of sires 
is necessary if they were born and raised outside the population. Estimates of 
additive genetic variance from animal models seriously underestimate the true 
additive genetic variance if imported sires are not assigned to groups as unknown 
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p~rents . Groups for unknown parents are properly defined if generation and 
population of birth are used to define groups. Each sire can have its own group and 
then the model is like including three sires as fixed effects to account for selection 
outside the population being analyzed. 
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APPENDIX 
Table A1. 2 Realized heritabilities (h ') for PWT 
Line 1 Line 2 Line 3 Line 4 
A2 .18 .17 .24 .35 
A3 .21 .18 .27 .37 
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Introduction 
Selection on one character causes a correlated response on another 
character. This correlated response depends on genetic and environmental 
correlations between selected and unselected characters, and the genetic part is 
due to pleiotropy (Falconer and Mackay, 1996). Some studies showed that there is 
a negative correlation between growth and reproductive traits when there was 
selection on a growth trait, in mice (Roberts , 1979), in Tribolium castaneum ( Berger, 
1977; Berger and Lin, 1992; Soliman, 1982), and in the rabbit (Narayan and Rawat, 
1985). Bonczek et al. (1992) found that reproductive ability is adversely affected by 
selection on milk yield in Jersey cattle, but some other studies found a positive 
correlation between these two characters; in pigs (Legault, 1971 ; Morris, 1974), in 
mice (Rios et al., 1986; Rahnefeld et al. , 1966; Eisen, 1978; Bradford, 1971; 
Fowlers and Edwards, 1960; Land, 1970; Wilson et al., 1971; Durrant et al. , 1980; 
Hanrahan and Eisen, 1974), in Tribolium castaneum (Campo and de Ia Blance, 
1988). Garnett and Rahnefeld (1976) however reported no significant correlation 
between these two types of traits when pigs were selected for postweaning weight. 
There is disagreement among researches about how one character behaves 
when another is under selection. The main purpose of present study was to 
examine the correlated response in reproductive success in Tribolium castaneum 
when selection was on pupa weight, as a measure of growth. 
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Materials and Methods 
Materials: Selection for increased pupa weight, PWT, was applied over 
twenty-three generations using Tribolium castaneum. A random mating base 
population of Tribolium castaneum was assigned to factorial combinations of two 
levels of two environmental conditions; 67% relative humidity(RH) and good nutrition 
(Line 1 (L 1 )), 67% RH and poor nutrition (Line 2(L2)), 80% RH and good nutrition 
(Line 3(L3)), and 80% RH and poor nutrition (Line 4(L4)). The good diet contained 
95% whole wheat flour and 5% dried yeast, and the poor diet contained 100% whole 
wheat flour. Some sires were mated to females across lines, but some were only 
mated to females within line. The secondary trait, correlated trait, was family size, 
FST, number of offspring produced by female animals. One sire from each line 
migrated to other lines every generation . The whole experiment was described in 
the first chapter (Koncagul, 1 997). 
Statistical Methods: The data were analyzed using multiple-trait derivative free 
restricted maximum likelihood (MTDFREML) procedure with an animal model 
(Boldman et al., 1 995). Sorensen and Johansson (1 992) indicated that unbiased 
estimates of correlated response can be obtained using multivariate approaches. 
Two analyses were performed; combined analysis (CA) and within line analysis 
(WLA). In the within line analysis, because some sire migrated into the line from 
other lines, they were treated as unknown sires and assigned to groups according to 
the line and generation of their origin (Koncagul, 1 997). To complete the 
relationship matrix A, Wiggans et al. (1 988) and Westell and Van Vleck (1 987) 
pointed out that the evaluations of animals are more precise if unknown parents are 
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grouped in the data according to the process generated by selection. For the 
combined analysis (CA), the model did not contain genetic group because all of the 
animals in the data have ties to the base population, that is, the additive genetic 
relationship matrix among animals was complete. Henderson (1975) stated that if 
the model include the complete relationship matrix among animals in the data there 
is no need to include groups. 
The model used in MTDFREML for CA was; 
for PWT, and 
for FST, 
where 
PWTiikl is the observation for pupa weight, PWT, 
FSTi1 is the observation for family size, FST, 
gsi is the fixed effect of generation-line-mating time, 
sexk is the fixed effect of sex, 
peii is the random effect of permanent environment, 
anim1 is the random effect of animal, and 
eiikl is the random residual effect. 
The model used in MTDFREML for WLA including genetic group was; 
n 
PWTiikl = QSi + sexk + peii + anim1 + I: Plr9r + eiikl 
r=1 
for PWT, 
[1] 
and [2] 
n 
FSTil = QSi + anim1 + :E Plr9r + eil 
r=1 
where 
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PWTiikl is the observation for pupa weight, PWT, 
FSTu is the observation for family size, FST, 
gsi is the fixed effect of generation-mating time, 
sexk is the fixed effect of sex, 
peii is the random effect of permanent environment, 
for FST, 
p1r is the additive genetic relationship between the ith observation 
and ancestor in the rth group, 
9r is the fixed effect of group, 
anim1 is the random effect of animal , and 
eiikl is random residual effect. 
Genetic trend was calculated as the average breeding value of animals by 
generation. Environmental trend was calculated by adjusting the solutions from 
MTDFREML to mean of population and the fixed effect(s) in the model. 
In this chapter, only the results of the correlated trait FST, reproductive 
success, will be reported. The results of primary trait pupa weight, PWT, growth trait 
were reported in previous chapters. Phenotypic and residual variances in each 
generation by line were obtained by using Generalized Linear Model (GLM) (SAS, 
1989). 
The univariate model was; 
Ytst = s + sire + e 
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where; Ytst is the FST measured on females that produced families, 
s is fixed effect of mating time, 
sire is random effect of sire, and 
e is random residual effect. 
Variances are; 
V(sire) = cr2sire 
V(e) = cr2e 
Results and Discussion 
[3] 
Phenotypic trends for FST, after twenty-three generations of selection for 
PWT, are given in Figure 1. As a correlated response to direct selection for PWT 
the FST decreased during the experiment. Largest decrease was in L3, -.59 pupae 
per generation, and the smallest decrease was in L2 with -.31 pupae per generation. 
Similar trends were observed in L 1 and L4 with -.44 and -.47 pupae per generation, 
respectively. These results are quite different from those reported by Lin (1997). 
He selected populations of Tribolium castaneum over 16 generation for increased 
pupa weight and found that the correlated response of family size decreased about 
1.29 pupae per generation. Berger (1977) reported a reduction of 1.11 pupae per 
generation when selecting for pupa weight . 
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In addition , Soliman (1972, 1982) indicated that reproductive ability could be 
reduced if animals were selected for pupa weight. The reason for finding a smaller 
correlated response of family size in our experiment might be due to the slight 
increasing trends for family size until generation seven, more over between 
generation eight and seventeen there was very little upward or downward trend for 
all four lines. 
Combined Analysis (CA): Genotypic and environmental trends are given in 
Figure 2. It was observed that genotypic trends for correlated trait FST decreased 
linearly, and were almost same in all four lines. Environmental values fluctuated 
generation to generation. Covariance components and parameter estimates for all 
data, as well as, for the data in the base population are given in Table 1. In a single 
analysis, mixed model procedures can be used to get estimates of additive genetic 
variance (Sorenson and Kennedy, 1986). It was observed that estimates of 
phenotypic and error variance were larger using all data and a complete 
relationship matrix than the estimates from the base population; the estimate of the 
additive genetic variance was smaller than the estimates in the base population. 
The increase in phenotypic variance was about 25%, 75% in error variance, but 
additive genetic variance decreased about 52%. In the base population, it was, 
also, observed that PWT and FST were negatively correlated. Genetic and 
environmental correlations were -.28 and -.14, respectively. Berger (1977) and 
Berger and Lin (1992) found a negative, but a higher genetic correlation between 
PWT and FST, (-.43 and -.35, respectively). Soliman (1982) reported a negative 
genetic and phenotypic correlation between pupa weight and family size. Whereas, 
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Table 1. Estimates of (co)variance components and genetic parameters for family 
· size (FST) and pupa weight (PWT) 
Variance Comp: 
Phenotypic variance 
Phen. Covariance 
Additive variance 
Additive covariance 
Error variance 
Env. Covariance 
Parameters: 
Heritability(h2) 
Gen. correlation 
e 2 a 
Env. correlation 
Base pop. 
PWT,FST FST 
49.15 
-289.95 
21.28 
-180.74 
27.87 
-109.21 
.43 
-.28 
.57 
-.14 
ae is proportion of error variance in the total variance 
All lines combined 
PWT,FST FST 
61.32 
-249.08 
9.53 
-265.59 
51 .79 
16.51 
.16 
-.56 
.84 
.01 
Campo and de Ia Blance (1988) reported positive correlation (.13 ± .14) when 
selection was on pupa weight. After 23 generations of selection for increased pupa 
weight in this experiment negative genetic correlation doubled from the estimate in 
the base population , -.56, and environmental correlation increased, nearly to zero , 
(.01 ). The main reason for getting a negative correlated response in family size is 
due to pleiotropy (Falconer and Mackay, 1996). It seems that the genes 
determining PWT are affecting FST in the negative direction, and this depends on 
the environment. After selection for 23 generations, the heritability estimate for FST 
was .16. This estimate is higher than estimates reported by other researchers; .09 
(Campo and de Ia Blance, 1988), .11 (Berger, 1977), .09 with a univariate model 
and .09 with a multivariate approach (Berger and Lin , 1 992) , and .09 (Lin, 1 997). 
The higher heritability estimates in our experiment might be due to the migration of 
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sires from one environment to others, so, additive genetic variance must have been 
increased by importing genes from different environments. 
Within line analyses (WLA): Variance-covariance components and parameter 
estimates, for correlated response of FST, obtained by multivariate analysis are 
given in Table 2. Largest phenotypic variance (67.82) was obtained in the best 
environment , i.e. in the good nutrition and high relative humidity (L3) , and lowest 
phenotypic variance (49.54) was obtained in the worst environment, poor nutrition 
and low relative humidity (L2) . Estimates are similar in completely different 
environments; 61.45 in the good nutrition and low humidity (L 1 ), 60.34 in the poor 
nutrition and high humidity (L4). The additive genetic variances in L 1 and L2 were 
very similar, 11.45 and 11.85, respectively. A slightly lower estimate was obtained 
in L4, 1 0. 76, and the lowest estimate was in L3, 5.80. Error variance in L2 was the 
lowest (37.70) , and the highest error variance was observed in L3 (62.02). L 1 and 
L4 gave very similar estimates, 49 .99 and 49.59, respectively. 
Heritability estimate was lowest in the best environment, L3, and the highest 
in the worst environment, L2 . L 1 and L4 having reciprocal levels of nutrition and 
humidity had very similar estimates. Except for the estimates in L3, heritability 
estimates were higher that those reported by Berger (1977) ; Campo and de Ia 
Blance (1988) ; Berger and Lin (1992) ; and Lin (1997). Genetic correlations between 
PWT and FST were negative in all lines. The magnitude of the correlation varied 
from one environment to another environment; -.22, -.67, -.74, and -.83 in L3, L 1, 
L2, and L4, respectively. Negative environmental correlations were obtained in the 
Table 2. Estimates of (co)variance components and genetic parameters for pupa weight trait(PWT) and family size 
trait (FST) by multiple trait analysis 
Line Line 1 Line 2 Line 3 Line 4 
Trait PWT,FST FST PWT,FST FST PWT,FST FST PWT,FST FST 
Var. com~.: 
Phenotypic 61.45 49.54 67.82 60.34 
Phen. cov. -358 .14 -178.40 -384.21 -169.57 
Additive 11.45 11.85 5.80 10.76 
Gen. cov. -314.15 -274.80 -102.82 -480.29 
Error 49.99 37.70 62.02 49.59 
Env. cov. -43.99 96.40 -281.39 310.72 
Parameters: 
Heritability(h2) .19 .24 .09 .18 ..... 
Gen. corr. -.67 -.74 -.22 -.83 c.v 
e2a .81 .76 .91 .82 
Env. corr. -.03 .09 -.17 .27 
a proportion of the environmental variance in the total phenotypic variance. 
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good level of nutrition (-.03 in L 1 and -.17 in L3) while the poor level of nutrition 
gave positive estimates of correlations (.09 in L2 and .27 in L4). This result 
indicates that the correlated response of the reproductive success trait when 
selection is on a growth trait depends on environment. Good nutrition allows one to 
select heavier female animals, but heavier females could have tatter reproductive 
organs and this might cause reduction in reproductive ability. Another implication 
that can be drawn from these results is the clear evidence tor the existence of 
genotype by environment interaction . All tour lines were generated from a common 
base population and there was gene transfer from one environment to others, but 
different environments lead to different parameter estimates. 
Genotypic and environmental trends are given in Figure 3. The trend in 
average breeding value was negative and linear tor all tour lines, while the 
magnitude of changes varied from one environment to another. Lowest change per 
generation (-.04 ± .01) was observed in L3, while largest change (-1.57 ± .1 0) was 
obtained in L4. Change in L 1 (-1.06 ± .05) was larger than change in L2 (-.82 ± .02). 
For the environmental trends, L3 gave a negative (-.55± .09) trend while trends in 
other lines were positive; .51 ± .08 in L2, .62 ± .07 in L 1, and 1.04 ± .08 in L4. The 
results indicate that environmental and genotypic trends are in different directions as 
they should be. 
Total phenotypic and environmental variances per generation by line were 
calculated by using a univariate model including the fixed effect of mating time and 
a random effect of sire. Estimates are given in Figure 4. In general, both variances 
were relatively constant in L2. For the other lines, sharp decreases and increases 
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were observed, especially in generation 15 in L3 and L4. Phenotypic and error 
variances are very consistent with each other. A similar relationship between 
phenotype and error variance was observed for the primary trait , PWT, (Koncagul , 
1997; Lin, 1997). Solutions for genetic groups are given in Table 3. There was no 
consistent trend in the solution for groups. Solutions fluctuated randomly from 
generation to generation. 
Conclusion 
Correlated response of FST was in negative direction when selection was on 
PWT. Magnitude of the genetic and environmental correlations depended on the 
environment in which selection was performed. The results indicated that good 
environment, allowing animals to show their limit of genotypic ability, increased the 
phenotypic and environmental variances, while decreasing the additive genetic 
variance. The effects of different environments lead to estimates of variance 
components and parameter estimates strongly implying an interaction between 
genotype and environment. Genetic group solutions for the correlated trait 
fluctuated from generation to generation. 
Implications 
The experiment draw attention to the fact that undesirable correlated 
response in a secondary trait, reproductive success, are frequently associated with 
selection for a primary trait , growth. Correlated response in reproductive success 
Table 3. Solutions for groups for family size (FST) 
Sire from Line 1 Line 2 Line 3 Line 4 
in the l I I I I I I I Line L2 L3 L4 L1 L3 L4 L1 L2 L4 LI L2 L3 
GEN. 
0 ·--- ---- ---- ---- ---- ---- --- - ---- ---- ---- -- -- ----
I ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ----
2 -8.76 -7.44 O. I7 2.88 -0.05 -6.02 3 .59 -8. 1I ll.IO -5.69 9 .71 -12.30 
3 -10.09 O.I9 -6.45 13.80 -3.I3 -6.49 -0.63 4 .42 - 12.00 7 .03 - 16.94 0 .73 
4 -7.02 5.01 -19.09 -I.04 7.30 1.08 -5.96 0.07 - 16.94 -6.26 -4.52 0 .00 
5 I2.48 7.3I -7.46 3.47 7.79 1.79 0 .44 - 1.00 -5.57 6.05 -23 .33 -8.04 
6 0.00 -0.71 - I5.83 0.74 5 .55 -9.72 -11.62 1.68 - I5.08 -4 .28 -6.87 -13. I7 
7 1I.40 14.37 -8.28 2 .44 -8.49 -7.15 -2.03 -3 . 18 -7.96 0 .00 0.50 -0.57 
8 0.00 -8.22 - 12.88 -6.9 I -I6.78 -8.00 3.99 -4 .25 -9 .02 0.00 0 .00 0.00 
9 -4.56 0.14 - 19.05 3.82 0.48 -8.51 -4.3 1 -7.56 - 14. I9 11.62 I I .57 -6. 76 
10 -9 .23 I2.I6 - 11.45 -37.I1 0 .68 -8 .8 1 - 12 .57 - 19.70 - 13 .73 - 13.54 -3.93 -6.76 
I 1 - 14.39 13.45 - 10.98 - 15.37 -12.9 1 ---- -7.90 0 .00 - I8 .87 -6.79 -7.29 5.86 
12 - 14.34 3.68 -21 .07 4 .00 -4. 76 0 .00 - 10.80 -7.48 - 10. 15 - J 6 .67 -6 .06 -7 .99 
I3 - 12.47 -3.90 -16.77 -7.74 15.80 -17 .3 1 - 17.24 -9.84 -27.73 - 12.93 -4.91 -4 .92 
14 -21.0 I -8.10 0.00 -8.95 6.10 -25.35 -24.07 - 12.75 -24.56 - 19.79 -3 .70 10.03 
15 0.00 21.83 -1.92 -26.14 -7.56 -25 .48 -31.03 -3 .06 -22.48 - 12.42 -3. 05 - 16.94 
16 -4.87 -4.34 -1.67 - 16.48 I3.2I -21. 15 -9.13 0 .00 -6 .01 -0.38 - 13.99 7.24 
17 -5 .26 -3.06 -24.0 1 -25.38 1.64 -26.35 - J 1.78 - 13.09 -25.63 - I6 .96 - 14 .90 -8.02 
I8 -21.17 5.08 -27.71 - 16.70 7.75 -28.21 -21.06 -23.71 -35.09 -31.36 - I 5 .91 -2 . 12 
19 - 10.36 3.68 -41.32 -45.03 0.00 0.00 -35.82 - 19.76 -34.57 -25.84 -4.53 -4.86 
~0 -16.78 0.02 -I8.53 -47.36 -4.63 -39.80 - I9.06 -27.57 -42.68 - 19.96 -1.2 I I5.39 
21 -5.33 -5.99 -46.47 - 19.8 I I3.31 -36 .97 - 15.51 ---- ----- 6.87 ---- 1.48 
~2 -38.12 -I. 71 -27 .59 -40 .27 7.68 -I3.5I -I6.18 ---- ---- -43.91 ---- -3.05 
~3 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ----
~G/gen .' -0 .94 -O.I2 -1.18 -2.28 0.35 -1.35 -1.25 - 1. II -1.75 - 1.37 -0.22 0 .39 
a..1G/gen. is average genetic change in group solution per generation. 
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can no longer be required, or left unmeasured, in cattle and pigs when there is 
intense selection for growth. Environment, in terms of diet or temperature and 
humidity, has an important role determining the magnitude of correlated response in 
reproduction. Genotype by environment interaction can have a large role in defining 
the optimum environment for growth and reproduction. 
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CHAPTER 5. GENERAL CONCLUSION 
Direct response of pupa weight (PWT), growth trait, and correlated response 
of family size (FST), reproductive success of female animals, to selection performed 
over twenty-three generations in four different environments were examined by 
using models with and without including genetic group for unknown parents in the 
data. The results indicated that mean phenotypic and genetic value of the 
population (for selected trait) can be increased by selection. Selection increased all 
components of variance; phenotypic, additive genetic, permanent environment (for 
PWT) , and error variance. Because the lines had some sires from the other 
environments, the increase in additive genetic variance might be attributable to 
these gene transfer. Moreover, selection also increased the magnitude of the 
negative genetic correlation, between the selected (PWT) and unselected (FST) 
trait. The magnitude of the genetic correlation depended on somewhat environment 
where selection was performed. 
Correlated response of family size trait, FST, is in negative direction. Mean 
phenotypic value of FST was the smallest in good levels of environment. Selection 
for pupa weight increased body weight of the female animals in good nutrition, but it 
also created a reduction in reproductive success. 
Because we obtained different variance component and parameter estimates 
in four environments, this was interpreted to be evidence for the existence of 
genotype by environment interaction. Different variances resulted in different ratios 
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(parameters) . Thus, environment affects parameter estimation, and it must be 
considered when evaluating animals. 
In addition, the results revealed the necessity of including genetic groups for 
unknown parents in the data. In order to be able to account for genetic trend, model 
must include fixed effect of genetic group, and grouping should be made according 
to generation and environment from where unknown parents were born. 
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